Gladkovskyite (IMA2018-098), MnTlAs 3 S 6 , is a new sulfosalt from the Vorontsovskoe gold deposit, Sverdlovsk Oblast', Northern Urals, Russia. The new mineral occurs in limestone breccias cemented by abundant realgar, orpiment, baryte and pyrite, as well as minor clinochlore, fluorapatite, quartz and talc. Gladkovskyite forms long-prismatic crystals and grains up to 0.2 mm; it has dark cherry-red color and red streak. It is transparent with adamantine luster. The Vickers microhardness is 94 kg/mm 2 . The new mineral is brittle, with uneven fracture; neither cleavage nor parting was observed. The density calculated based on the empirical formula is 4.356 g/cm 3 . In reflected light, gladkovskyite is grayish-white, strongly anisotropic with rotation tints varying from light-grey to brown. Its pleochroism is moderate, from orange-red to dark-red, and bireflectance is very weak, ∆R = 0.58 % (589 nm). The empirical formula of gladkovskyite is Mn 1.01 Tl 0.99 Pb 0.01 As 2.86 Sb 0.13 S 6.00 (based on 11 atoms pfu). Prominent features in the Raman spectrum include bands of Mn-S and As-S stretching vibrations as well as numerous low-frequency bands related to phonons. Gladkovskyite is trigonal, R31c, a = 9.6392(2), c = 6.4560(15) Å, V = 519.49(12) Å 3 and Z = 2. The seven strongest powder X-ray diffraction lines are [d obs , Å (I, %) (hkl, 2.55 (60) (301, 202). The crystal structure of gladkovskyite was refined from the single-crystal X-ray diffraction data to R = 0.0178 for 679 observed reflections with I obs > 3σ(I). It contains infinite chains of face-sharing MnS 6 octahedra, TlS 9 polyhedra and pyramidal AsS 3 groups; the structure belongs to the group of seldom occurring cyclic sulfosalts. The new mineral honors Russian geologist Boris Aleksandrovich Gladkovsky who discovered the Vorontsovskoe gold deposit.
Introduction
The actively exploited Vorontsovskoe gold deposit at Northern Urals is unique in Russia with regard to its Tl-Hg-As-Sb mineralization. Our systematic mineralogical investigations of its ores over the last few years revealed a remarkable assemblage of rare minerals, most of which are Tl-sulfosalts. Among them, three minerals are completely new for the science: vorontsovite, ferrovorontsovite (Kasatkin et al. 2018a ) and tsygankoite (Kasatkin et al. 2018b ). Herein we describe gladkovskyite, the fourth new Tl-sulfosalt from this deposit. In addition, several other potentially new sulfosalts discovered here by our team are currently under study and all of them contain essential thallium. By the richness of its Tl-Hg mineralization, the Vorontsovskoe gold deposit can be undoubt-Classification of the International Mineralogical Association (IMA2018-098). The type specimen is deposited in the collections of the Fersman Mineralogical Museum of the Russian Academy of Sciences, Moscow, Russia with the registration number 5248/1.
Occurrence
Gladkovskyite occurs at the Vorontsovskoe gold deposit, approximately 13 km to the south of the city of Krasnotur'insk, Sverdlovskaya Oblast', Northern Urals, Russia. The Vorontsovskoe deposit is situated within a large volcano-plutonic structure comprising polyphase gabbro-diorite-granite Auerbakh Intrusion, volcanic rocks, and volcanogenic sediments of the Krasnotur'inskaya Suite. Rocks of the latter form a monocline, which is gently sloping to the west and tapering to the north. This structure is hosted by limestones, often metamorphosed, with interlayers of tuffites and aleurolites having a thickness of 1 km. The age of magmatites of the Auerbakh Intrusion was determined as mid-Devonian (Krasnobaev et al. 2007) . Its emplacement represented a final stage of the development of the intrusive magmatism of the Tagil Volcanic Zone (Fershtater 2013) .
The quarry of the Vorontsovskoe deposit uncovered a wedge-like body of volcanoclastic rocks with the predominance of tuffs and tuffaceous sedimentary rocks. The western part of this body is limited by a big tectonic fault. The limestones occur in the lying tectonic contact of the body. Both the volcanogenic sedimentary rocks and the limestones underwent metasomatic processes that resulted in the formation of metasomatites with ore concentrations of gold. The main volume of gold is related to ore breccias, including orpiment-realgar cement. Both the limestones and volcanogenic sedimentary rocks are brecciated. The ore body with economic concentrations of gold has the form of a torch opening upwards (Tcheremisin and Zlotnik-Khotkevitch 1997) . The Tl-Hg-bearing sulfosalts are widely distributed, mostly in orpiment-realgar cement of the breccias. The content of these minerals increases in breccias where limestones dominate. A more detailed description of the Vorontsovskoe deposit, its genesis, geology and composition of main ore types can be found elsewhere (Sazonov et al. 1998; Vikentyev et al. 2016; Murzin et al. 2017; Stepanov et al. 2017) .
Specimens containing the new mineral were collected in August 2016 by one of the authors (S.Y.S.) in the Severnyi (Northern) open pit of the deposit, 50 m from its western wall, directly at the bottom of the pit (59° 65' 29'' N, 60° 21' 33'' E) ( Fig. 1 ). Gladkovskyite was found in limestone breccias cemented by major orpiment, realgar, pyrite and baryte, and minor clinochlore, fluorapatite, quartz and talc (Fig. 2) . Other minerals directly associating with gladkovskyite include alabandite, bernardite, christite, cinnabar, coloradoite, dalnegroite, gillulyite, gold, hutchinsonite, imhofite, lorandite, metacinnabar, philrothite, rebulite, routhierite, sphalerite, vrbaite and several potentially new Tl-bearing phases currently under investigation.
The mineral association bearing gladkovskyite is one of the most interesting at the Vorontsovskoe deposit. It is connected with a very rich orpiment-realgar type of ores while stibnite, normally relatively abundant at the deposit, is absent here. As a result, one of the most characteristic features of this association is a strong dominance of As Tab. 1 Chemical composition and unit-cell parameters of thallium sulfosalts identified in the association with gladkovskyite at the Vorontsovskoe gold deposit
Chemical composition, wt.% and apfu over Sb in the chemical composition of the rare Tl-sulfosalts identified here, all of which are sulfarsenites and not sulfantimonites. The list of all Tl-sulfosalts identified in association with gladkovskyite, their chemical data and refined unit-cell parameters are given in Tab. 1.
Physical and optical properties
Gladkovskyite forms dark cherry-red long-prismatic crystals up to 0.2 × 0.1 mm and anhedral grains of the same size embedded in calcite matrix . It is transparent and exhibits adamantine luster and red streak. The new mineral is brittle, with uneven fracture. Cleavage and parting were not observed. The new mineral is non-fluorescent. The Vickers hardness (VHN10) is 94 kg/mm 2 (range 91-100 kg/mm 2 , n = 3) corresponding to a Mohs hardness of 2-2.5. The density of gladkovskyite could not be measured because of the absence of suitable heavy liquids and paucity of available material. The density calculated based on the empirical formula (Z = 2) and the unit-cell volume determined from the single-crystal X-ray diffraction data is 4.356 g/cm 3 . In reflected light gladkovskyite is grayish-white. It shows a moderate pleochroism, from orange-red to dark-red. The bireflectance is very weak, ∆R = 0.58 % (589 nm). Under crossed polars, the mineral is strongly anisotropic with rotation tints varying from light grey to brown. Internal reflections are not observed. Quantitative reflectance measurements were performed in air relative to a WTiC standard using a Universal Microspectrophotometer UMSP 50 (Opton-Zeiss, Germany). Reflectance values are given in Tab. 2 and plotted in Fig. 6 .
Raman spectroscopy
The Raman spectrum of gladkovskyite ( Fig. 7) was obtained from polished section by a Horiba Labram HR Evolution spectrometer. This dispersive, edge-filter-based system is equipped with an Olympus BX 41 optical microscope, a diffraction grating with 600 grooves per millimetre, and a Peltier-cooled, Si-based charge-coupled device (CCD) detector. After careful tests with different lasers (473, 532 and 633 nm), the 633 nm He-Ne laser with the beam power of 0.1 mW at the sample surface was selected for spectra acquisition to minimize analytical artefacts. Raman signal was collected in the range of 50-600 cm -1 with a 50× objective in the confocal mode, beam diameter was ~2.6 μm and the lateral resolution ~5 μm. No visual damage of the analysed surface was observed at these conditions after the excitation. Wavenumber calibration was done using the Rayleigh line and low-pressure Ne-discharge lamp emissions. The wavenumber accuracy was ~0.5 cm -1 , and the spectral resolution was ~2 cm -1 . Band fitting was done after appropriate background correction, assuming combined Lorentzian-Gaussian band shapes using Voigt function (PeakFit; Jandel Scientific Software).
A tentative assignment of the Raman bands was made by analogy with simple sulphides. In gladkovskyite, the highest strength show the Mn-S bonds. Bands of M-S stretching vibrations in the Raman spectra of pyrite-type compounds MS 2 (M = Mn, Co, Ni, Cu, Zn) with 3D systems of vertex-sharing MS 6 octahedra are observed in the range 380-500 cm -1 (Anastassakis and Perry 1976) . For gladkovskyite, which contains 1D system of face-sharing MnS 6 octahedra, somewhat lower frequencies should be expected. This conclusion is in agreement with the positions of the high-frequency bands observed in the Raman spectrum of gladkovskyite in the range 350-400 cm -1 .
Raman bands of As-S stretching vibrations in the Raman spectra of orpiment As 2 S 3 and realgar AsS are observed in the range 290-360 cm -1 (Forneris 1969; Minceva-Sukarova et al. 2003) . In these minerals the As-S distances are in the range 2.21-2.31 Å (Morimoto 1954; Mullen and Nowacki 1972) . The largest distances correspond to the lowest frequencies of As-S stretching vibrations. In gladkovskyite, the As-S distances are c. 2.31 Å. Consequently, the bands at 289 and 305 cm -1 in the Raman spectrum of gladkovskyite are attributed to As-S stretching vibrations.
The assignment of Raman bands with wavenumbers below 250 cm -1 is ambiguous. Presumably, these bands correspond to mixed soft modes involving bending vibrations, as well as Tl-As and Tl-S stretching vibrations and phonons.
Chemical composition
The preliminary semi-quantitative chemical analyses using a scanning electron microscope CamScan 4D equipped with INCA Energy microanalyzer (EDS mode, 20 kV, 5 nA and beam diameter 1 μm) showed the presence of major Mn, Tl, As, S, minor Sb and traces of Pb in gladkovskyite.
Quantitative chemical analyses were conducted in wavelength-dispersive (WDS) mode, using a Cameca SX-100 electron microprobe operated at 25 kV and 20 nA with the beam size of 1 µm. Peak-counting times were 20 s for all elements, with one half of the peak time for each background. The following standards, X-ray lines, and crystals (in parentheses) were used: Mn: Mn metal, K α (LIF); Tl: Tl(Br,I), M α (PET); Pb: PbSe, M α (PET); As: pararammelsbergite, L β (TAP); Sb: Sb, L β (PET); S: chalcopyrite, K α (PET). Analytical data are given in Tab. 3 (mean of 7 analyses). No other elements with atomic numbers higher than 8 were detected.
The empirical formula of gladkovskyite, calculated on the basis of 11 atoms pfu is Mn 1.01 Tl 0.99 Pb 0.01 As 2.86 Sb 0.13 S 6.00 . The ideal chemical formula is MnTlAs 3 S 6 , which requires 8.16 Mn, 30.17 Tl, 33.25 As, 28.42 S, total 100 wt. %.
X-ray crystallography
Single-crystal X-ray diffraction data were collected on a gladkovskyite grain with the dimensions 0.125 × 0.063 × 0.036 mm, which was extracted from the polished section used for electron-microprobe investigations. The data collection was carried out with a Rigaku SuperNova diffractometer, using MoK α radiation (λ = 0.71073 Å) from a micro-focus X-ray tube collimated and monochromatized by mirror optics and detected by an Atlas S2 CCD detector. Data reduction was done using CrysAlis software (Rigaku 2017) .
The crystal structure of gladkovskyite was solved from the diffraction data using SHELXT software (Sheldrick 2015) and refined by the least-squares algorithm of the Jana2006 program (Petříček et al. 2014) . The structure refinement smoothly converged to R = 0.0178 for 679 observed reflections, with I > 3σ(I), including all atoms refined with harmonic atomic displacement parameters. Data collection and refinement details are listed in Tab. 4, atom coordinates and displacement parameters are given in Tab. 5, and selected bond lengths in Tab. 6. The CIF file, also containing a block with the reflections, is deposited at the Journal's webpage www.jgeosci. org. Due to lack of material for performing a conventional powder-diffraction experiment we present only a comparison of observed reflections (d hkl spacings and intensities) obtained using a pseudo-Gandolfi scan done on the same instrument as single-crystal data collection and a powder pattern calculated from the structure. The theoretical d hkl and relative intensities were calculated using PowderCell program (Kraus and Nolze 1996) . Data are given in Tab. 7.
Description of the crystal structure
The crystal structure of gladkovskyite (Figs 8-9 ) contains five independent atom sites in the asymmetric unit: one Tl, one As, one Mn, and two S. Thallium is coordinated by nine S atoms at an average distance of 3.33 Å in the form of a distorted tricapped trigonal prism. Three shortest Tl-S2 distances, 3.17 Å, are met by three Tl-S2 distances, 3.34 Å long to the prism vertices, and by three Tl-S1 distances of 3.50 Å, and represent horizontally oriented caps to the prism faces (Fig. 10) . The bell-shaped form of the prism opens in the direction of the lone electron pair, into an open volume that is limited at the bottom by three S2 atoms at 5.13 Å from Tl, forming the top triangular face of the next Tl prism below. Remaining long Tl-S distances, 5.71 Å and 5.78 Å, form a very open cone around Tl and the three-fold axis on which it is situated. The asymmetry of the coordination environment around Tl site suggests that lone-electron pair on Tl + is active. The high steric activity of the lone pair of Tl reminds that of the TlS 5 configuration in imhofite (Divjaković and Nowacki 1976; Balić-Žunić and Makovicky 1993) , but the long connections opposing the 3.85 Å bond in this mineral are one 4.17 Å Tl-S distance and additional 4.75-4.92 Å distances, far shorter than those observed in gladkovskyite. A similar review of the structures of raberite, vrbaite, richardsollyite, and other phases (Makovicky 2018) shows apparent uniqueness of the gladkovskyite arrangement for the lone electron pair accommodation. For example, the interslab Tl-S distance for the pyramidal-coordinated Tl in hutchinsonite (Matsushita and Takeuchi 1994) is 5.20 Å, but the thallium atom has two interslab Tl-S distances to closer S atoms, at 3.331 Å. This makes the polar gladkovskyite structure particularly interesting.
Arsenic is coordinated by three S atoms (one S1 and two S2 atoms, symmetrically related), forming a regular trigonal pyramid (Fig. 10) ; the lone-electron pair on As (7) 0.0012(6) 0.0030 (6) is stereoactive, located nearly perpendicular to [001] (Fig. 9) . Arsenic pyramids form [001] chains via shared S atoms. Manganese is coordinated by six S atoms at an average distance of 2.63 Å as a nearly regular MnS 6 octahedron (Fig. 10) . These octahedra share triangular faces and form [001] columns. Periodicity parallel to [001] is as follows: two Mn octahedrons match two As pyramids with different orientation, but only one Tl polyhedron. The alternating polyhedron along [001]
Tab. 6 Selected interatomic distances (Å) in the structure of gladkovskyite Tl1-As1 3.8407(8) Tl1-As1 i 3.8407(7) Tl1-As1 ii 3.8407(11) Tl1-As1 iii 3.7957(18) Tl1-As1 iv 3.7957(19) Tl1-As1 v 3.7957(18) Tl1-S1 3.499(2) Tl1-S1 i 3.499(2) Tl1-S1 ii 3.499(2) Tl1-S2 3.1678(11) Tl1-S2 i 3.1678(11) Tl1-S2 ii 3.1678(11) Tl1-S2 iii 3.3351(6) Tl1-S2 iv 3.3351(6) Tl1-S2 v 3.3351(6) As1-S1 iv 3.826(3) As1-S2 2.3101(12) As1-S2 iv 2.3140(14) Mn1-S1 2.617(2) Mn1-S1 viii 2.617(2) Mn1-S1 xi 2.617(2) Mn1-S1 x 2.635(2) Mn1-S1 iv 2.635(2) Mn1-S1 xii 2.635(2) Symmetry codes: is occupied by the lone electron pair of Tl. Polarity of this structure parallel to [001] is primarily caused by the steric activity of thallium. The c parameter of gladkovskyite is determined by the periodicity of the column of Mn octahedra. Orientation of As coordination pyramids is adjusted to the approximate 2 × 3.3 Å period of the Mn polyhedral chain. Plane group symmetry of an individual z level of atoms is approaching p31m, although when complete AsS 3 groups are considered it is p3, and when complete chains of AsS 3 pyramids are included, it becomes P31c for the entire structure.
Discussion

Remarks on the crystal structure
The structure of gladkovskyite belongs to the small group of 'cyclic sulfosalt structures' of which zinkenite is the most well-known representative. Among members of this group, gladkovskyite distinguishes itself by the low (only threefold) multiplicity of its rotation symmetry. The structure of Bi 6.88 Cl 3.36 S 8.64 is metrically closest to gladkovskyite (Poudeu and Ruck 2006) , but its structure model is actually a sub-cell of Bi 4 Cl 2 S 5 with a = 19.804 Å and c = 12.359 Å, space group R-3H (Krämer 1979) . This structure has hexagonal channels filled by Bi. The channels are surrounded by a ring of bicapped trigonal prisms of Bi. These prisms are interconnected with the Fig. 9 Thallium columns (violet) alternating Mn columns (azure) in the crystal structure of gladkovskyite. Note the interspaces for downward projecting lone electron pairs of Tl, as well as cavities due to stereoactivity of the electron lone-pair on As (green). All S atoms are displayed as thermal ellipsoids. Fig. 10 The Tl-S bonds, selected interatomic distances and coordination polyhedra in the structure of gladkovskyite. Tl is violet, Mn azure, As green, S yellow. Distances are given in Å. prisms surrounding the adjacent channel, forming a narrow double-ribbon composed of four Bi coordination polyhedra. One z atomic level has symmetry p3.
The structure of Cu 7.4 Bi 6 Cl 7 Se 12 (Heerwig and Ruck 2009 ) has channels of hexagonal shape limited by Cl and filled by fractionally occupied Cu sites and central Cl atoms. They are surrounded by a ring of split coordination pyramids of Bi which, two and two together, mimic bicapped trigonal prisms with Se and Cl ligands, with CuSe 4 attached to them sideways. The latter polyhedra configure a ring of three Cu coordination tetrahedra around threefold axes of the space group P6/m. Although the unit cell given is only a = 15.058 Å and c = 4.014 Å, the complex rings of Bi polyhedra suggest that it is an overlap structure and at least the c parameter in this structure might be doubled.
The largest structure of this structural group, zinkenite, idealized as Cu 0.7 Pb 9.7 Sb 21.3 S 42 (Biagioni et al. 2018 , and references therein) has a pronounced hexagonal sub-cell (a = 22.122 Å, c = 4.321 Å, substructure symmetry P6 3 ), whereas the true cell, true symmetry and twinning have been variously interpreted. The latter reference suggests a triclinic true cell with c equal to 8.6475 Å. Hexagonal channels have mixed (Pb,Sb) walls, superficially reminding us of the previous structure. This, and the problems of bond distribution in the rods and channel envelopes, indicates clearly a doubled or a multiple c parameter.
This short review indicates a complex structural situation with unresolved multiplicity of overlapping motifs and of the (pseudo)hexagonal c parameter in half of these cyclic structures. These factors prevent finding a possible common denominator of this structure group, and possible topological relations to the well-resolved structure of gladkovskyite. The most obvious difference, the 2 × 3.2 Å c-axis periodicity of gladkovskyite vs. the n × 4.2 Å type of periodicity in the quoted examples, suggests important structural differences between these two end-members of structure arrangements.
Remarks on the origin
The important feature of the mineral association, where gladkovskyite was found, is a wide distribution of alabandite which served as the main source of Mn. The character of relationship between gladkovskyite and alabandite observed in thin sections allows us to conclude that the latter is replaced by the former: one can easily see relics of alabandite in gladkovskyite (see Fig. 5 ). A similar relationship was observed between alabandite and tsygankoite, another Mn-Tl mineral recently described from Vorontsovskoe (Kasatkin et al. 2018b) .
Similarly to the majority of other Tl-sulfosalts recorded at the Vorontsovskoe deposit, gladkovskyite was discovered in the orpiment-realgar-bearing cement of ore breccias with dominant limestones and marbles. The confinement of Tl mineralization to carbonate sedimentary rocks is characteristic of the Carlin deposit in Nevada (Dickson et al. 1979; Radtke 1985) , Allchar in Macedonia (Janković and Jelenković 1994; Volkov et al. 2006 ), Lengenbach in Switzerland (Hettman et al. 2014 Raber and Roth 2018) , and Jas Roux in France (Johan and Mantienne 2000) . The mobilization of thallium into the hydrothermal systems was possible due to low-temperature metasomatic processes initiated by a magmatic source in the Carlin deposit (Silitoe and Bonham 1990; Cline et al. 2003; Cline et al. 2005) , Allchar (Volkov et al. 2006) and Jas Roux (Johan and Mantienne 2000) , or low-temperature metamorphogenic fluids in Lengenbach (Hofmann and Knill 1996) . At the Vorontsovskoe deposit, mechanisms of thallium concentration have not been determined unambiguously yet, but we believe that they were related to the interaction between post-magmatic hydrothermal solutions and carbonate rocks. The latter could perform geochemical trap for ore-bearing solutions and, therefore, became a place of concentration of thallium and formation of Tl-bearing sulfosalts. Location of the Vorontsovskoe deposit in the ore-magmatic system connected with Auerbakh intrusive (Minina 1994) , and petrographic and structural features of ore breccias containing orpiment-realgar cement (Stepanov et al. 2017) confirm that in case of Vorontsovskoe deposit the main volume of mineral-forming fluids and hydrotherms was connected with intrusive activity, similar to Carlin and Allchar.
It is noteworthy that Vorontsovskoe is a multiple-stage deposit and contains metasomatites (skarns, quartz-sericite rocks and jasperoids), which were formed under different temperatures (Tcheremisin and Zlotnik-Khotkevitch 1997) . This resulted in a particular mineral sequence. The formation of the cement of ore breccias at earlier, high-temperature stages was accompanied by the crystallization of primary sulfides such as pyrite, arsenopyrite, stibnite, sphalerite, alabandite etc. The gradual decrease of temperature led to the crystallization of realgar and orpiment followed by the formation of the main volume of Tl-Pb-Hg-bearing sulfosalts. Their late character is observed in the pseudomorphs: stibnite is replaced by parapierrotite, realgar by chabourneite and dalnegroite, and alabandite by tsygankoite and gladkovskyite. As noted above, the crystallization of sulfarsenites including gladkovskyite was connected with the saturation of the ore-forming environment by As at a very low activity of Sb.
Summarizing, it can be concluded that the following factors determined the formation of gladkovskyite: development of low-temperature metasomatic processes in sedimentary carbonate rocks rich in Tl; multi-stage mineral sequence with the formation of sulfide associa-tion containing alabandite at earlier stages and Tl-bearing sulfarsenites paragenesis (gladkovskyite, bernardite, chrisite, dalnegroite, gillulyite, hutchinsonite, imhofite, lorandite etc.) at later stages; strong dominance of As over Sb in the mineral-forming environment.
